A multisensing flexible Tag microlab (FTM) with RFID communication capabilities and integrated physical and chemical sensors for logistic datalogging applications is being developed. For this very specific scenario, several constraints must be considered: power consumption must be limited for long-term operation, reliable ISO compliant RFID communication must be implemented, and special encapsulation issues must be faced for reliable sensor integration. In this work, the developments on application specific electronic interfaces and on ultra-low-power MOX gas sensors in the framework of the GoodFood FP6 Integrated Project will be reported. The electronics for sensor control and readout as well as for RFID communication are based on an ultra-low-power MSP430 microcontroller from Texas Instruments together with a custom RFID front-end based on analog circuitry and a CPLD digital device, and are designed to guarantee a passive ISO15693 compliant RFID communication in a range up to 6 cm. A thin film battery for sensor operation is included, allowing data acquisition and storage when no reader field is present. This design allows the user to access both the traceability and sensor information even when the on-board battery is exhausted. The physical sensors for light, temperature and humidity are commercially available devices, while for chemical gas sensing innovative MOX sensors are developed, based on ultra-low-power micromachined hotplate arrays specifically designed for flexible Tag integration purposes. A single MOX sensor requires only 8.9 mW for continuous operation, while temperature modulation and discontinuous sensor operation modes are implemented to further reduce the overall power consumption. The development of the custom control and RFID electronics, together with innovative ultra-low-power MOX sensor arrays with flexible circuit encapsulation techniques will be reported in this work.
INTRODUCTION
One of the main targets of the GoodFood project (FP6-IT-1-508774-IP "Food Safety and Quality with Microsystems") [1] is to improve the food quality control during transport, storage and vending through the development of a flexible Tag microlab (FTM). Today's food monitoring systems rely on expensive and bulky sensors suitable only for specific measurement tasks. GoodFood develops a label that follows the products along all the food chain acquiring data and registering the crossing of several thresholds in terms of temperature, humidity, light and gas concentrations. At the end of the chain the information will be available for the consumer or end user through an Ambient Intelligence (AmI) platform. In this work, the ultra-low-power (ULP) Tag electronics and the MOX sensors developed for the flexible Tag microlab application are presented. Custom Tag electronics is thoroughly described in Section 2, while Section 3 is devoted to the description of the ultra-low-power MOX sensors and flexible Tag encapsulation. Finally, Section 4 summarizes the achieved results.
CUSTOM TAG ELECTRONICS
To ensure a sufficient operating time of the flexible Tag, the overall power consumption must be kept very low, both for the RFID communication and for the sensor operation. The developed flexible Tag is equipped with a thin film battery (VARTA LPF25: 3V 25mAh, 0.44 x 22 x 29 mm 3 ) for continuous sensor data acquisition, even when no RFID reader field is available. This is an important feature for this application, since the presence of a reader continuously providing power to the Tag can not be assumed in real-world logistic scenarios. In this work the sensor control and the RFID communication are handled by a low-power Texas Instruments MSP430 microcontroller [2] and a custom RF front-end based on a complex programmable logic array (CPLD) and some active and passive components. The antenna is defined directly on the flexible substrate, and consists of a 5 loop copper inductor of 80 cm total extension. The RFID communication is passive, meaning that no battery power is necessary for communication purposes, and therefore the traceability information as well as the data acquired by the sensors is accessible even when the on-board battery is exhausted. Furthermore, the RFID communication is ISO15693 compliant for easy integration into already existing logistic facilities. On the other hand, the sensor control and readout, handled by the same MSP430 microcontroller, requires the on-board thin film battery for powering. Therefore the power consumption of all the sensors must be kept to a minimum in order to maximize the lifetime of the sensing part of the Tag. The physical sensors are commercially available low-power devices, in particular a temperature and relative humidity sensor from Sensirion is used together with a light sensor (photodiode). For the chemical sensing part, innovative ULP MOX sensors were developed and will be described, based on micromachined hotplate arrays specifically designed for the RFID Tag application.
LOW-POWER ELECTRONICS FOR TAG MANAGEMENT AND SENSOR READOUT
The Tag includes hardware for operating and measuring different sensors, for data pre-processing, storage and transfer through an RFID link. The different blocks of the electronics are shown in Figure 1 . The system is managed by a MSP430 microcontroller architecture from TI, featuring a very low power consumption. This allows the system to run with a thin film battery during long periods of time. The Tag can read data from a photodiode to detect the possible opening of the package. It also operates a data logging in case of crossing pre-defined humidity and temperature thresholds (sensed by a Sensirion SHT15) [3] . Finally, ULP MOX sensors are included in the Tag to obtain measurement and classification of the different target gases. The thin film battery is only capable to power one sensor heater at the same time, which is in agreement with the discontinuous MOX sensor operation implemented to reduce the overall power budget. For this reason, the measurement system is multiplexed for the different sensors. This solution also reduces components and board surface requirements. Figure 2 shows the schematics of the MOX sensor control and readout electronics. The multiplexer MUX1 is in charge of selecting the heater of the desired ULP hotplate. The heaters are powered with a Pulse Width Modulation (PWM), which is controlled by the microcontroller. The changes of impedance in the sensing layer due to presence of the different gas species are measured using a voltage divider. The multiplexer MUX2 selects which sensor is being measured, while the analogue output of MUX2 is low pass filtered using a Sallen Key filter to reduce the noise introduced by the PWM. This data is acquired with the internal microcontroller analog-to-digital 12 bit SAR converter. 16 independent samples can be converted and stored without any CPU intervention. Then, DMA can move data from ADC buffers to internal memory to process it later. The data obtained from the sensors is pre-processed to obtain possible alarms, and both the data and the alarms are then stored in an external memory. Finally, either the pre-processed data or all of the raw measurements stored in the Tag memory can be transferred to a reader device via the RFID link.
CUSTOM RFID TRANSPONDER FRONT-END ELECTRONICS
A custom RFID front-end circuitry was developed [4] , since no Tag The incoming ASK-modulated RF signal is rectified by a diode bridge and demodulated, and afterwards decoded by the CPLD according to a VHDL code implementing the ISO15693 requirements. The decoded data string is then sent to the microcontroller for processing. The FSK modulation of the outgoing signal in both half cycles of the RF incoming signal is obtained with two resistances and two CMOS transistors (not shown in Figure 3 ), according to the Manchester-encoded data provided by the CPLD and the Tag microcontroller. The power supply circuitry, based on a thin film battery, a DC/DC converter and a PMOS transistor, powers the RFID circuitry, the memory and the microcontroller through the incoming RF field once the battery is exhausted. By adapting this solution the data acquired by the Tag and stored in the memory together with the logistics and traceability information is always accessible, even after the battery lifetime. The layout of the Tag has been optimized for small footprint, taking into account that the final device will use a flexible substrate, requiring the placement of all the components on the same face. In the latest version, the flexible circuit including all of the components, sensors and antenna is credit-card sized, as shown in Figure 4 
ULTRA-LOW-POWER MOX SENSORS FOR FLEXIBLE TAG ENCAPSULATION
Small footprint and ULP MOX sensor hotplates were developed using front-side silicon bulk micromachining technology. They feature a 1.0 x 1.5 x 0.3 mm 3 die footprint, contain an independent array of 4 micro-hotplates with 80 µm circular active area and the power consumption is as low as 8.9 mW at continuous 400°C operation. The use of Platinum for the metallization results in a low heater resistance, which makes these hotplates compatible with low voltage operation on the Tag. Discontinuous temperature operation is being implemented to further decrease power consumption of the MOX sensors. Sensing materials are deposited by drop coating technique for easy deposition of different materials on a single array, in order to perform pattern recognition on the acquired data and enhance the gas sensing selectivity. The ULP MOX sensors were designed in order to be reliably encapsulated into the flexible Tag, though being exposed to the gas atmosphere to be sensed. In particular, using front-side bulk silicon micromachining with TMAH etching the suspended membranes are released from the front of the wafer, leaving a massive Silicon surface on the back-side of the dies. This feature allows for easy handling of the dies and flip-chip integration into the flexible circuit, as well as polymer casting for reliable encapsulation. 
ULTRA-LOW-POWER HOTPLATE DESIGN AND FABRICATION
A front-side bulk micromachining technology based on a silicon nitride/silicon dioxide structural stack was set up. The suspended hotplates are fabricated using a single Pt layer for patterning both the heating resistor and the concentric sensing film contacts. The circular hotplate layouts were conceived to optimize the temperature uniformity on the hotspot of the suspended structures. The use of a single metallization layer for the definition of both the heater and the sensing layer electrodes simplifies the fabrication sequence, which is schematically reported in Figure 5 .
The process starts with the deposition, on a single side polished 300 µm thick Si wafer, of the structural stack (SiO 2 /Si 3 N 4 /SiO 2 ). After the reactive ion etching of the structural stack, platinum deposition and lift-off patterning is performed. In order to promote the platinum adhesion a very thin TiN layer is interposed between the metal and the silicon dioxide. Then a silicon dioxide passivation layer is deposited over the heater tracks for electrically insulating the sensing layer from the heater. This passivation layer is not required for some of the designed hotplates, depending on the electrode layout. Finally the silicon beneath the hotplates is selectively removed using a tetramethylammonium hydroxide (TMAH) solution.
The hotplates can withstand the very high temperatures that are necessary for sensing layer processing and stabilization. In fact the material properties were thoroughly studied and both the suspending dielectric stack and metallizations can be heated at temperatures as high as 800°C for several hours, while the hotplate can successfully undergo a continuous operating temperature. Several different designs were studied, and devices with different hotplate sizes ranging from 50 to 120 µm and with various sensing film contact schemes were fabricated and comparatively characterized [5] . For simplicity, we will refer only to the main implementation, as chosen for the use in the FTM application. Figure 6 a) shows a micrograph of a fabricated 4-sensor array, while in Figure 6 b) the very small dimensions of a 4-sensor array die can be disclosed.
ULTRA-LOW-POWER HOTPLATE THERMAL CHARACTERIZATION
The thermal characteristics of the hotplates were extensively characterized, using specifically designed test structures for the direct measurement of the hotplate temperature as a function of the power dissipation. The thermal characterization of ULP hotplates was performed in three main steps: 1.5mm
1. Precise evaluation of the temperature coefficient of resistance (TCR) of the Platinum metallization, using an environmental chamber with high precision temperature control. 2. Evaluation of the temperature as a function of the supplied power by means of the Kelvin temperature sensor integrated on some devices, using the TCR as determined in step 1. 3. Evaluation of the thermal time constant by means of fall transient measurement of a ULP hotplate.
It is important to point out that the actual temperature in the central part of the hotplate is measured by integrating a Kelvin Pt temperature sensor, through the precise evaluation of the TCR of the sputtered Pt. The temperature coefficient of resistance of the metallizations was exactly determined on different wafers. The TCR of thin films of Platinum are expected to differ from the values found in literature for bulk Platinum, especially when using sputtering as deposition technique. For the evaluation of the TCR of Pt, specific 4-point test resistors were used, which were deposited on every die within the wafer. The resistance measurement was performed at four different temperatures (50, 100, 150, and 200°C) inside an environmental chamber (Sun Systems EC11, maximum temperature gradient inside the chamber 1°C). The values of the resistance as a function of temperature were logged and a precise estimate of the TCR was accomplished. The variation of the ULP hotplate temperature as a function of the applied power was measured, together with the heater resistance and the heater voltage drop. In Fig. 7 the plots of the hotplate temperature as a function of the applied power are comparatively reported for some combinations of the layout parameters. Each curve reports the average values of 11 identical devices spread throughout the wafer. The different plots refer to circular hotplates with different diameters (80 µm and 120 µm) and with a different size of the etch pit underlying the hotplates (250 µm and 400 µm). The lowest power consumption device (smaller 80 µm diameter and larger 400 µm etch-pit) requires just 8.9 mW to reach the operating temperature of 400°C. To evaluate the fall time of the ULP hotplate temperature, a digital oscilloscope LeCroy 6100A was used to trace the decrease of the heater resistance by applying a small readout current of about 0.3 mA. The decay of the heater resistance is reported in Fig. 8 , and a very short thermal time constant of 1.5 ms results from the exponential fit. 
SENSING LAYER DEPOSITION ON ULTRA-LOW-POWER HOTPLATES
For depositing different sensing layer materials on adjacent hotplates, a drop coating technique was chosen and optimized. With respect to the specific application of fruit ripening monitoring and considering the target gases, 3 different sensing materials are used for pattern recognition and classification purposes: SnO 2 + 1% Pt, SnO 2 + 1% Pd, and SnO 2 + 1% Au. Furthermore, the sensors are used in discontinuous temperature mode to further reduce the overall power consumption, with heating duty cycles as low as 1:50, which were successfully tested on the target gases. In these working conditions, the thin film battery used on the Tag can provide operating times as long as 40 hours, which is sufficient for the logistics phase of climacteric fruit. Longer operating times can be reached using different kinds of batteries, slightly increasing the Tag dimensions. 
ENCAPSULATION OF THE MOX SENSOR ARRAY ON FLEXIBLE CIRCUITS
The ULP hotplates were designed to be compatible with two different encapsulation techniques suitable for flexible circuit integrations: flip-chip bonding using anisotropically conductive adhesives (ACA) and chip-on-flex (COF) wire bonding technique using a rigid stiffner. Both methods were implemented and tested successfully, and the results are reported elsewhere [6] . Figure 9 shows two photographs of hotplates encapsulated on test structures, using both approaches.
a) b) 
OUTLOOK AND FUTURE ACTIVITIES
The fabrication of prototypes of flexible RFID Tags with physical and chemical sensing capabilities has been carried out as a result of the activities and developments within the GoodFood project, The application envisaged for these prototypes is food transport and logistics in general. Relying on a set of commercial discrete components, the Tag dimensions and flexibility can not be optimized, since approximately one third of the flexible Tag area consists of assembled components and electrical connections. Nevertheless, the fabrication of some application-specific integrated circuits (ASICs) containing the analog and digital circuits for sensor control, data storage and RFID communication can be considered for the future, once the feasibility of a multisensing FTM will be proven. Besides an obvious reduction in the overall size and increased flexibility, the use of an ASIC and of mass-production techniques would result in a noticeable price drop for the complete FTM, which could easily find market applications in several food logistic chains. The validation of the FTM approach in the ripening phase and logistic chain of climacteric food is ongoing.
